Evidence from in vitro studies suggests that gamma interferon (IFN-␥) and nitric oxide (NO) are important in host defense against the protozoan parasite Entamoeba histolytica. We used SCID mice with targeted disruption of the IFN-␥ receptor gene and mice with targeted disruption of the gene encoding inducible NO synthase to show that IFN-␥ plays a role in the innate immunity to amebic liver abscess seen in SCID mice while NO is required for control of amebic liver abscess in immunocompetent mice.
Infection by Entamoeba histolytica, the cause of amebic dysentery and amebic liver abscess, remains a significant public health problem in much of the world. The mechanisms by which E. histolytica damages intestinal and liver cells are being elucidated, and these studies have been greatly facilitated by the development of new in vivo models of amebiasis (2, 13) . The study of E. histolytica infection in SCID mice has provided a model system for assessment of the role of innate immunity in the control of amebic liver abscess. The importance of neutrophils in the limition of tissue damage in amebic liver abscess was recently shown in the SCID mouse model of amebic liver abscess, where depletion of neutrophils from SCID mice resulted in significantly larger liver abscesses early in infection (15) . E. histolytica trophozoites lyse resting macrophages and neutrophils in vitro, but macrophages or neutrophils activated by treatment with gamma interferon (IFN-␥) or tumor necrosis factor alpha and the addition of lipopolysaccharide or amebic antigens become amebicidal (3) (4) (5) (6) 11) . In vitro, the killing of E. histolytica trophozoites by activated macrophages is mediated by nitric oxide (NO) (8) . To determine whether IFN-␥ plays a role in the host defense against amebic liver abscess in vivo, we have examined amebic liver abscess formation in mice genetically engineered for the absence of the IFN-␥ receptor ␣ chain. In addition, we have assessed the role of NO in host defense against amebic liver abscess by studying the susceptibility to amebic liver abscess of mice with targeted disruption of the gene encoding inducible NO synthase (iNOS).
In initial studies, we compared the susceptibility to amebic liver abscess formation in IFN-␥ receptor knockout mice (129/ Sv/Ev ϫ C57BL/6 background) and heterozygote controls. Under our previously described protocol, mice 8 to 10 weeks of age underwent direct hepatic inoculation of 10 6 E. histolytica trophozoites of the virulent HM1:IMSS strain (2). This strain has been passaged multiple times through SCID mice and is capable of causing amebic liver abscess in immunocompetent mice (14) . Mice were sacrificed 2 or 4 days later, and the livers were examined for the presence of an amebic liver abscess. Abscesses were confirmed by histologic examination and by culture of E. histolytica trophozoites from abscess tissue. The entire liver, including the region of abscessed tissue, was weighed to calculate the percentage of the liver occupied by the abscess. The results of these initial studies are shown in Table 1 . While the mean abscess size was larger in IFN-␥ receptor knockout mice than in wild-type mice, the difference did not reach statistical significance in a trial of 10 animals in each group. We also noted no differences in histological appearance between liver abscesses in IFN-␥ receptor knockout mice and those in wild-type mice. These data suggest that in otherwise immunocompetent mice, IFN-␥ does not play a critical role in the mediation of protection against amebic liver abscess.
Previous studies in our laboratory showed that SCID mice were more susceptible to amebic liver abscess than the congenic C.B-17 strain (2). We hypothesized that if IFN-␥ plays a role in innate immunity against amebic liver abscess, it would be detectable in SCID mice. Therefore, we bred IFN-␥ receptor knockout mice on the 129/Sv/Ev ϫ C57BL/6 background with C.B-17 SCID animals and intercrossed the resulting double heterozygotes and screened them for homozygosity at both loci. These double-knockout animals (SCID and IFN-␥ receptor negative) were subsequently backcrossed onto the C.B-17 SCID background for 6 generations, resulting in animals that theoretically should have Ͼ98% of the C.B-17 genome. In two separate experiments, groups of five C.B-17 SCID mice and groups of five C.B-17 SCID mice with targeted disruption of the IFN-␥ receptor ␣-chain gene underwent intrahepatic challenge with 10 6 HM1:IMSS amebic trophozoites. The histologic appearance of liver abscesses in C.B-17 SCID mice homozygous for the disruption of the gene encoding the IFN-␥ receptor ␣ chain did not differ from that seen in C.B-17 SCID mice (2) . However, we found that C.B-17 SCID mice homozygous for the disruption of the gene encoding the IFN-␥ receptor ␣ chain had developed significantly larger amebic liver abscesses at 48 h following infection than C.B-17 SCID mice (Table 1) . These data suggest that IFN-␥ plays a role in innate immunity to amebic liver abscess in SCID mice. We have previously shown that neutrophils are important for containment of amebic liver abscesses in SCID mice. IFN-␥ may provide protection against amebic liver abscess in SCID mice by activating neutrophils and/or macrophages for amebicidal activity.
One of the important effector molecules for macrophageand neutrophil-mediated killing is NO. In vitro studies indicate that NO plays a role in macrophage-mediated killing of E. histolytica trophozoites (8) . To examine the role of NO in the host defense against amebic liver abscess, we first studied the induction of the gene encoding iNOS in SCID mice following intrahepatic inoculation of E. histolytica trophozoites. We used the reverse transcriptase (RT) PCR and primers specific for murine iNOS to assay iNOS mRNA production in the livers of (i) SCID mice after direct hepatic inoculation with amebic trophozoites and (ii) control SCID mice inoculated with medium alone (13) . The primers used were 5Ј ATGGCTTGCC CCTGGAAGTTTCTCTTCA and GTTGCCATTGTTGGTG GCATAAAG. We amplified the mRNA for murine actin by using RT-PCR to serve as a marker for mRNA levels in individual mice. As shown in Fig. 1 , we found significant induction of iNOS mRNA in E. histolytica-infected SCID mouse livers. iNOS mRNA was detectable in RNA obtained from E. histolytica-infected livers within 24 h of infection, and the message remained detectable for the first 5 days of infection. Abscesses were still present at 6 and 7 days after infection, but an iNOS message was no longer detectable. Livers injected with medium alone showed no detectable induction of iNOS mRNA at any time point.
We next examined whether iNOS was required for host defense against E. histolytica infection in the murine model of amebic liver abscess. Mice with targeted disruption of the iNOS gene (provided by Carl Nathan of Cornell University) were challenged by intrahepatic inoculation of 10 6 E. histolytica HM1:IMSS trophozoites. We found that C57BL/6 ϫ 129Sv/Ev iNOS Ϫ/Ϫ mice had significantly larger amebic liver abscesses than iNOS ϩ/Ϫ control mice ( Table 1 ). The size of the abscesses in iNOS Ϫ/Ϫ mice were among the largest detected to date in the murine disease model and were larger than those seen in SCID mice but were identical in histologic appearance. Recently, we found that much of the cell death occurring in amebic liver abscess comes from E. histolytica-induced apoptosis of hepatocytes (14) . NO can inhibit apoptosis in cultured hepatocytes through at least two different mechanisms (7, 16) . Thus, iNOS Ϫ/Ϫ mice could be more susceptible to E. histolytica-induced hepatocyte apoptosis. In addition, NO appears to play an important role in wound healing and liver regeneration in vivo (1) . Therefore, the large abscesses seen in iNOS Ϫ/Ϫ mice may be attributable to at least three different factors: (i) impaired ability of neutrophils or macrophages to kill E. histolytica trophozoites, (ii) increased susceptibility to E. histolytica-induced apoptosis, and (iii) a defect in wound healing and hepatic regeneration in injured areas.
Protection against amebic liver abscess in the murine disease model appears to depend on several modalities. Passive immunization with antibodies against the serine-rich E. histolytica protein, monoclonal antibodies against the amebic lipophosphoglycan-like molecule, and polyclonal antibodies against specific regions of the 170-kDa subunit of the Gal/GalNAc lectin can protect SCID mice from developing amebic liver abscess (9, 10, 18) . Antibodies derived from some patients with amebic liver abscess can also provide protection in the SCID mouse model, demonstrating that human antibodies have the ability to prevent disease (12) . Innate immunity is also important in the murine model of disease, as neutrophils help limit amebic liver abscesses in SCID mice (15, 17) . We have now shown that both IFN-␥ and iNOS play a role in protection against amebic liver abscess in vivo. However, a requirement for IFN-␥ in host protection against disease was most prominent in SCID mice, suggesting that IFN-␥ is important when innate immunity is required for resistance to infection. IFN-␥ has been shown to activate host neutrophils and macrophages to kill amebic trophozoites in vitro, and it may serve a similar function in the murine model of amebic liver abscess. In contrast, iNOS-deficient mice on the C57BL/6 ϫ 129/Sv/Ev background developed large amebic liver abscesses, indicating that iNOS controls amebic liver damage in immunocompetent mice. It remains to be determined whether the primary role of NO in resistance to amebic liver abscess is based on its function in neutrophil and macrophage killing of amebic trophozoites, mediation of hepatocyte resistance to apoptotic stimuli, or stimulation of wound healing and hepatic regeneration. We thank Lynne Foster for excellent technical assistance. 
